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Abstract 

The inflationary scenario has become the paradigm of early universe cos- 
mology, and - in conduction with ideas from superstring theory - has led to 
speculations about an "inflationary multiverse". From a point of view of 
phenomenology, the inflationary universe scenario has been very successful. 
However, the scenario suffers from some conceptual problems, and thus it 
does not (yet) have the status of a solid theory. There are alternative ideas 
for the evolution of the very early universe which do not involve inflation but 
which agree with most current cosmological observations as well as inflation 
does. In this lecture I will outline the conceptual problems of inflation and 
introduce two alternative pictures - the "matter bounce" and "string gas cos- 
mology" , the latter being a realization of the "emergent universe" scenario 
based on some key principles of superstring theory. I will demonstrate that 
these two alternative pictures lead to the same predictions for the power 
spectrum of the observed large-scale structure and for the angular power 
spectrum of cosmic microwave background anisotropics as the inflationary 
scenario, and I will mention predictions for future observations with which 
the three scenarios can be observationally teased apart. 
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1. Introduction 

Inflationary cosmology was proposed'^ (see alscPSHfor some earlier related 
work) in 1981 as a solution of some conceptual problems of the previous early 
universe paradigm, the Standard Big Bang model. It was soon realized'^ 
(see also'^ for related insights) that inflationary cosmology leads to the first 
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causal theory for the origin of the structure in the universe which we measure 
today in terms of inhomogeneities in the distribution of galaxies on large 
scales, and anisotropies in cosmic microwave background (CMB) temperature 
maps. The predictions of this theory have been spectacularly confirmed by 
observations, in particular by the WMAP satellite results for anisotropies in 
the CMBH. 

Inflationary cosmology has now become the paradigm of early universe 
cosmology. In most papers on early universe cosmology the impression is 
given that inflation has been firmly established and observationally proven. 
However, as I will argue here, this inflationary cosmology is far from proven. 
Although phenomenologically successful, current realizations of inflation suf- 
fer from serious conceptual problems, and hence inflationary cosmology does 
not (yet) have the status of an established theory. Furthermore, as realized 
ten years before the development of inflationary cosmology, any theory which 
provides an approximately scale-invariant spectrum of almost adiabatic pri- 
mordial fluctuations in the early universe on scales which are larger than the 
Hubble radius will lead to inhomogeneities and anisotropies in the late time 
universe which are in agreement with current datal^. Although inflation was 
the first theory based on causal physics to generate such a spectrum of fluc- 
tuations, in the mean time other scenarios have been proposed which yield 
the same type of spectrum. I will present two examples 

In recent years, ideas from inflationary cosmology have been combined 
with ideas from stochastic dynamics and from string theory to generate the 
picture of the inflationary multiverse and the cosmological landscape. In 
light of the problems of inflation and other concerns which will be detailed 
below, I consider these ideas to be premature and warn readers (in particular 
those from the philosophy of physics community) not to consider them as 
established. 

The outline of this article is as follows: I first discuss inflationary cosmol- 
ogy and its problems. Then, I introduce two alternative scenarios for early 
universe cosmology which do not involve inflation. In Section 5 (the only 
technical part of this article) I focus on the development of fluctuations in 



^The meaning of the Hubble radius will be discussed later in the text. 

^However, it must be emphasized that obtaining a scale-invariant spectrum of curvature 
fluctuations is by no means a general outcome of possible early universe scenarios. Pure 
initial vacuum and pure thermal fluctuations in standard cosmology, for example, do not 
lead to a scale-invariant spectrum. 
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early universe cosmology, and I show how both inflationary cosmology and 
the two alternative cosmologies which I discuss yield fluctuations in agree- 
ment with current observations. Section 6 contains some concluding remarks. 

2. Review of Inflationary Cosmology 

The inflationary universe scenario is based on the assumption that there 
was a period in the very early universe during which space expanded al- 
most exponentially (see Figure 1 for a space-time sketch of inflationary 
cosmology). The exponential expansion of space leads to a solution of sev- 
eral problems of Standard Big Bang cosmology. First of all, it leads to a 
horizon (deflned as the forward light cone of an initial event in space-time) 
which is exponentially larger than it would be without the period of inflation. 
Provided that the period of inflation is sufliciently long, the horizon at the 
time tree of recombination, the time when the CMB last scattered, is larger 
than distance at time tree which the CMB probes. The exponential expan- 
sion of space also homogenizes the universe since the inhomogeneities are 
redshifted. Hence, inflation provides an explanation for the observed near 
isotropy of the CMB, i.e. it solves the horizon problem of Standard Cos- 
mology. Provided that the period of inflation is longer than around 50H~^ 
(where H is the expansion rate of space during the inflationary phase), in- 
flation can also explain the observed spatial flatness of the universe, i.e. it 
solves the flatness problem. Furthermore, the exponential expansion of space 
explains how a Planck-scale initial universe at the Planck time can grow to 
encompass the entire observed universe. Related to this point, the entropy 
production which is a crucial aspect of inflation and occurs at the end of the 
inflationary phase can explain how the presently observed large entropy of 
the universe emerges. 

Most importantly, however, inflationary cosmology provided the flrst causal 
theory for the origin of the structure in the universe which we observe in 
terms of inhomogeneities in the distribution of galaxies and small amplitude 
anisotropics in the CMBI^. At the time when this was realized, no CMB 
anisotropics had been observed. It would take a decade before the initial de- 



•^In fact, all that is required is that the cosmological scale factor a{t) is an accelerating 
function of time. Most models of inflation yield, however, almost exponential expansion. 
Hence, we will formulate the arguments in this article in the context of exponential ex- 
pansion. 
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tection'^, five more years before tlie cliaracteristic oscillations in the angular 
power spectrum of these anisotropies were seen^, and five more years before 
the current precision maps became available'^. The fact that inflationary 
cosmology made predictions in agreement with the high precision observa- 
tions (after adjusting a small number of cosmological parameters) is a major 
success of the scenario. However, it is important to keep in mind that, as 
discussed ten years before the development of inflationary cosmology, any 
early universe model which generates a nearly scale-invariant spectrum of 
primordial almost adiabatic fluctuations will be in agreement with current 
observations [^Whereas inflationary cosmology yielded the first causal mecha- 
nism for producing this type of fluctuations, there are now several alternative 
scenarios, two of them which will be discussed in this lecture. 

If we use Einstein gravity to describe space and time, then exponential 
expansion of space requires matter to be dominated by some substance with 
an equation of state p = —p, where p and p are pressure and energy densities, 
respectively. Matter which we observe in nature does not have such highly 
negative pressure. Even if we describe matter in terms of quantum fields 
(as we should since quantum field theory is the best description we have 
which describes matter at very high energies and thus should be used in early 
universe cosmology), obtaining the above equation of state requires assuming 
the existence of a scalar matter field (p with a non- vanishing potential energy 
density V{ip). This potential energy leads to a contribution to energy density 
and pressure which is in agreement with the above equation of state. 

The inflationary scenario now is as follows'^ at the initial time, the scalar 
field is displaced from the minimum of its potential. Since the potential is 
tuned to be very flat, the scalar field motion is very slow. Thus, the scalar 
field potential energy density remains almost constant, whereas all other 
forms of matter redshift . Thus, at some time tj, the scalar field potential 
energy starts to dominate and inflation begins. Once the scalar field has 
decreased to a critical value which in many models is close to the Planck 
scale, the scalar field kinetic energy begins to dominate over the potential 
energy and inflation ends. The time when this occurs is denoted as t/j. 

No fundamental particles of nature which correspond to scalar fields have 
yet been observed in nature. The Standard Model of particle physics does 



Scale- invariance of the fluctuation spectrum will be defined in Section 5. 
^The inflationary slow-roll trajectory is a local attractor in initial condition spaceP^. 
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Figure 1: Space-time sketch of inflationary cosmology. The vertical axis is time, the 
horizontal axis corresponds to physical distance. The solid line labelled k is the physical 
length of a fixed comoving fluctuation scale. The role of the Hubble radius and the horizon 
are discussed in the text. 
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contain one such field, the Higgs field, the field responsible for giving the par- 
ticles we observe masses. Tantalizing evidence for the existence of the Higgs 
field is emerging from the recent experiments at CERN, but the evidence is 
not yet strong enough to claim a discovery. Unfortunately, the potential of 
the Higgs field has the wrong shape and cannot yield cosmological infiation, 
unless a very unusual coupling of this field to gravity is assumed'^. The 
scalar field potential must be tuned to be very fiat in order to allow for a 
long period of time during which the potential energy of the field dominates 
over other forms. 

Theories beyond the Standard Model of particle physics often contain 
scalar fields. In particular, supersymmetric theories have scalar field part- 
ners to all fundamental fermionic fields of spin 1/2. However, to obtain the 
required fiat potentials for these scalar fields requires fine-tuning. Thus, al- 
though cosmologists now have many toy models for infiation, there is no 
convincing realization of the scenario. There are also attempts to obtain 
infiation from modified theories of gravity rather than by introducing new 
forms of matter. In fact, the first model of exponential expansion of space'^ 
was based on a modified gravity model. However, also in this context infia- 
tion does not seem to emerge in a natural way. 

In spite of the lack of a firmly established theory of infiation, infiationary 
model building has become an industry (see e.g.'^ for reviews). Stochastic 
effects due to quantum fluctuations have been added'^ to the classical scalar 
fleld evolution, leading to the conclusion that in some regions of fleld space 
there is a flnite probability that the scalar fleld will move up the potential 
rather than down as it does with classical dynamics alone. This gives rise to 
a scenario^ in which inflation is eternal into the future: most of the physical 
volume of space remains in a state of inflation, and only pockets of space 
can exit inflationary expansion and can make the transition to the Standard 
Big Bang phase. These are pockets of space where the scalar fleld value 
has dropped below the critical value for stochastic effects to be important. 
The fancy name for this scenario is the eternal self-reproducing inflationary 
universe. 

A further twist to this scenario resulted from merging the ideas of stochas- 
tic inflation with the realization that the ground state of string theory is not 
unique. Physicists now talk about an enormous number of string vacua, 
ground states of string theoryf^^. Each of these ground states may have a 
different value of the cosmological constant A, and one may appeal to an- 
thropic arguments to claim that the universe will select the ground state with 
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exactly the observed value of A. The fancy name for the resulting picture is 
the string inflationary multivers^ or the string landscape. 

There are a couple of points to make with respect to the above recent 
ideas. First of all, there is nothing special to string theory in terms of having 
many ground states. Imagine a geographic landscape: it will also have many 
local minima of the gravitational potential. Second, the current analysis of 
string vacua is based on quantum field theory ideas inspired by string theory, 
not by non-perturbative string theory. We are still lacking a non-perturbative 
approach to string theory which is consistent with a positive or vanishing 
cosmological constant. There is in fact some evidence that many ground 
states of a string theory-motivated effective field theory are not realizable in 
full string theory'^. Thirdly, the mathematical analysis which tries to include 
stochastic effects and which leads to the eternal self-reproducing universe is 
not under good mathematical controle. In fact, back-reaction effect^^U -^j^ich 
are not included in stochastic inflation may invalidate the entire analysis. 

3. Challenges for Inflationary Cosmology 

We have already discussed the first problem of infiaton, namely the ques- 
tion of how to embed inflation into a natural particle physics model. If we 
manage to overcome this problem, a second problem immediately rears its 
head, namely the amplitude problem. The inflationary scenario was in- 
troduced in order to eliminate fine tuning conditions for the initial data set 
of cosmology, and it provides a mechanism for the origin of structure in the 
universe. However, in a wide class of inflationary models, obtaining the cor- 
rect amplitude of the cosmological perturbations requires the introduction of 
a large hierarchy in scales'^, and thus the fine-tuning problem returns in a 
different guise. 

A more serious problem is the trans-Planckian problem for fluctua- 
tions'^. Let us return to the space-time diagram of inflation (see Figure [2|. 
The success of inflation at providing a causal structure formation mechanism 
is based on the fact that scales which are currently observed originate with 
a physical wavelength smaller than the Hubble radius at the beginning of 
the period of inflation. This typically requires inflation to last about 50if~^, 
where H is the expansion rate during the inflationary phase. However, if the 
period of inflation was only a bit longer, namely longer than about 70H^^, 
then the wavelengths of all currently observable scales were in fact smaller 
than the Planck length at the initial time of inflation. The problem is that we 
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Figure 2: Space-time diagram (sketch) of inflationary cosmology where we have added an 
extra length scale, namely the Planck length Ipi (majenta vertical line). The symbols have 
the same meaning as in Figure 2. Note, specifically, that - as long as the period of inflation 
lasts a couple of e-foldings longer than the minimal value required for inflation to address 
the problems of Standard Big Bang cosmology - all wavelengths of cosmological interest 
to us today start out at the beginning of the period of inflation with a wavelength which 
is smaller than the Planck length. 
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do not know the physics operative on these scales. It is clear that both Ein- 
stein's theory of General Relativity and the theory of scalar field matter (the 
two ingredients on which the current theory of cosmological perturbations is 
based) will badly break down on these scales. Thus, the key successful predic- 
tion of inflation (the theory of the origin of fluctuations) is based on suspect 
calculations since new physics must enter into a correct computation of the 
spectrum of cosmological perturbations. The key question is as to whether 
the predictions obtained using the current theory are sensitive to the specifics 
of the unknown theory which takes over on small scales. Under certain as- 
sumptions about how physics at very high energy scales communicates with 
low energy physics it can be shown that the results are insensitive (see e.g^ 
for an early work). However, these assumptions may not be realized in na- 
ture. In fact, simple toy models of new physics on super-Planck scales based 
on modified dispersion relations'^S (see alsd^ or pre-infiationary dynamics'23 
show that the resulting spectrum of cosmological fiuctuations depends in an 
important way on what is assumed about physics on trans-Planckian scales. 
If the infiationary phase lasts for less than 70H~^, then the trans-Planckian 
uncertainties only effect fluctuations on smaller length scales (length scales 
on which the structure of the universe today is non-linear) and thus they are 
harder to test in cosmological precision experiments. 

A fourth problem is the singularity problem. It was known for a long 
time that Standard Big Bang cosmology cannot be the complete story of 
the early universe because of the initial singularity, a singularity which is 
unavoidable when basing cosmology on Einstein's fleld equations in the pres- 
ence of a matter source obeying the weak energy conditions (see e.g^ for 
a textbook discussion). The singularity theorems have been generalized to 
apply to Einstein gravity coupled to scalar fleld matter, i.e. to scalar fleld- 
driven inflationary cosmology'^. It was shown that, in this context, a past 
singularity at some point in space is unavoidable. Thus we know, from the 
outset, that scalar fleld-driven inflation cannot be the ultimate theory of the 
very early universe. 

The Achilles heel of scalar fleld-driven inflationary cosmology may be 
the cosmological constant problem. We know from observations that 
the large quantum vacuum energy of fleld theories does not gravitate today. 
However, to obtain a period of inflation one is using the part of the energy- 
momentum tensor of the scalar fleld which looks like the vacuum energy. In 
the absence of a solution of the cosmological constant problem it is unclear 
whether scalar fleld-driven inflation is robust, i.e. whether the mechanism 
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which renders the quantum vacuum energy gravitationally inert today will 
not also prevent the vacuum energy from gravitating during the period of 
slow-rolling of the inflaton field. 

A final problem which we will mention here is the concern that the energy 
scale at which inflation takes place is too high to justify an effective field 
theory analysis based on Einstein gravity. In simple toy models of inflation, 
the energy scale during the period of inflation is about lO^^GeV, very close to 
the string scale in many string models, and not too far from the Planck scale. 
Thus, correction terms in the effective action for matter and gravity may 
already be important at the energy scale of inflation, and the cosmological 
dynamics may be rather different from what is obtained when neglecting the 
correction terms. 

In Figure [3] we show once again the space-time sketch of inflationary cos- 
mology. In addition to the length scales which appear in the previous versions 
of this figure, we have now shaded the "zones of ignorance", zones where the 
Einstein gravity effective action is sure to break down. As described above, 
fluctuations emerge from the short distance zone of ignorance (except if the 
period of inflation is very short), and the energy scale of inflation might put 
the period of inflation too close to the high energy density zone of ignorance 
to trust the predictions based on using the Einstein action. 

Because of the above conceptual problems, the inflationary scenario may 
be the current paradigm of early uiverse cosmology, but it is by no means 
a complete theory. The problems provide a strong motivation to search for 
alternative early universe scenarios, two of which are described below. To 
be of interest, an alternative scenario should solve most of the problems of 
Standard Big Bang cosmology which inflation addresses, it should mitigate 
some of the problems of inflation, it must be consistent with the current 
data on the large-scale structure of the universe, and it should make some 
predictions with which it can be distinguished with future observations from 
the inflationary scenario. 

4. Two Alternative Scenarios 

4.I. Matter Bounce 

The idea of a bouncing universe has a long history both in physics and 
in cosmology. In such a scenario, time is eternal both in our past and in 
our future. This has implications for the philosophy of cosmology: there is 
no mysterious creation event, and we are no longer faced with the problem - 
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Figure 3: Space-time diagram (sketch) of inflationary cosmology including the two zones of 
ignorance - sub-Planckian wavelengths and trans-Planckian densities. The symbols have 
the same meaning as in Figure 2. Note, specifically, that - as long as the period of inflation 
lasts a couple of e-foldings longer than the minimal value required for infiation to address 
the problems of Standard Big Bang cosmology - all wavelengths of cosmological interest 
to us today start out at the beginning of the period of inflation with a wavelength which 
is in the zone of ignorance. 
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insoluble in the context of pure physics - of explaining an initial singularity 

E 

There have been many attempts to construct bouncing cosmologies in 
the context of physical cosmology (for references the reader is referred tol^. 
More recently, there have been attempts to use bouncing cosmologies to 
provide mechanisms alternative to inflation for providing the scale-invariant 
spectrum of cosmological observations which observations tell us must have 
been generated in the early universe. The "Pre-Big-Bang" scenario'^ is one 
attempt which was motivated from string theory dualities (similar dualities as 
the dualities which give rise to the "String Gas Cosmology"'^implementation 
of the "emergent Universe" scenario which will be discussed in the second 
part of this section) . A more recent construction is the "Ekpyrotic Universe" 
scenario'^^l (and its cyclic version!^ which was initially also motivated by 
superstring theory. Neither the Pre-Big-Bang nor the Ekpyrotic scenario 
provide a scale-invariant spectrum of adiabatic fluctuations (at least when 
analyzed from a purely four space-time dimensional point of view - seel^for a 
higher-dimensional study), but it is not hard to find variants of the scenarios 
which lead to a scale-invariant spectrum of entropy fluctuations (which then 
later convert to adiabatic fluctuations). 

I wish to discuss a simple bouncing scenario which - as realized inf^ZESl 
- leads to a scale-invariant spectrum of density perturbations. This is the 
"matter bounce" scenario. Roughly speaking, the scenario involves a con- 
tracting phase which is the time reverse of our current cosmological phase 
of expansion which is then smoothly connected at some high density to the 
expanding phase of Standard Cosmology. Obviously, new physics is required 
to obtain a smooth transition from contraction to expansion. 

Figure 4 is a space-time sketch of the matter bounce scenario. The ver- 
tical axis is time, the horizontal axis corresponds to comoving length. As 
is obvious, modes which we observe today start out on sub-Hubble scales 
in the early phase of contraction. Hence, it is possible to have a causal 
mechanism for structure formation. As will be discussed in the section on 
cosmological perturbations, we assume that perturbations start out in their 
vacuum state. This is in line with the assumption that the universe started 
out large and almost empty. What it crucial for the success of the matter 



^However, even if the creation event is absent, there are nevertheless concep- 
tual/philosophical problems. For a discussion of this issue see e.g.'^. 



12 



bounce scenario as a theory of structure formation is that wavelengths which 
we observe today in cosmological observations left the Hubble radius during 
the matter-dominated phase of contraction. It is these scales which acquire 
a scale-invariant spectrum. 
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Figure 4: Space-time sketch in the matter bounce scenario. The vertical axis is conformal 
time ry, the horizontal axis denotes a co-moving space coordinate (a co-moving coordinate 
grid expands as space expands like a grid painted onto the surface of a balloon expands as 
the balloon is inflated). The vertical line indicates the wavelength of a fluctuation mode. 
Also, 'H~^ denotes the co-moving Hubble radius. 

How are the problems of Standard Big Bang cosmology (discussed at the 
beginning of Section 2) addressed in the matter bounce scenario? First of 
all, note that since the universe begins large, the size and entropy prob- 
lems of Standard Cosmology do not arise. In addition, there is no horizon 
problem as long as the contracting period is long (to be specific, of similar 
duration as the post-bounce expanding phase until the present time). As 
already mentioned, there is a causal mechanism for generating the primor- 
dial cosmological perturbations which evolve into the structures we observe 
today. 

The flatness problem is the one which is only partially addressed in the 
matter bounce setup. The contribution of the spatial curvature decreases in 
the contracting phase at the same rate as it increases in the expanding phase. 
Thus, to explain the observed spatial flatness, comparable spatial flatness at 
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early times in the contracting phase is required. This is an improved situation 
compared to the situation in Standard Big Bang cosmology where spatial 
flatness is overall an unstable flxed point and hence extreme flne tuning of 
the initial conditions is required to explain the observed degree of flatness. 
But the situation is not as good as it is in a model with a long period of 
inflation where spatial flatness is a local attractor in initial condition space 
(it is not a global attractor, though!). 

As any good alternative to the inflationary scenario should, the matter 
bounce paradigm successfully addresses some of the conceptual problems 
of inflation. Possibly most importantly, the length scale of fluctuations of 
interest for current observations on cosmological scales is many orders of 
magnitude larger than the Planck length throughout the evolution. If the 
energy scale at the bounce point is comparable to the particle physics "Grand 
Unifled Theory" (GUT) scale, then typical wavelengths at the bounce point 
are not too different from 1mm. Hence, the fluctuations never get close 
to the small wavelength zone of ignorance in Figures 2 and 3, and thus a 
description of the evolution of fluctuations using Einstein gravity should be 
well justifled modulo possible difficulties at the bounce point which we will 
return to. Thus, there is no trans-Planckian problem for fluctuations in the 
matter bounce scenario. 

As already mentioned, new physics is required in order to provide a non- 
singular bounce. Thus, the "solution" of the singularity problem is put in 
by hand and cannot be counted as a success, except in realizations of the 
matter bounce in the context of a string theory background in which the 
non-singular evolution follows from general principles. Such a theory has 
recently been presented {se^^ for an analysis of fluctuations in these 
models). Existing matter bounce models do not address the cosmological 
constant problem. However, I would like to emphasize that the mechanism 
which drives the evolution in the matter bounce scenario is robust against our 
ignorance of what solves the cosmological constant problem, an improvement 
of the situation compared to inflationary cosmology. 

However, the matter bounce scenario presented here suffers from a serious 
anisotropy problem. Since the energy density in anisotropics scales as a~^, 
where a{t) is the cosmological scale factor, and thus increases faster than 
that of matter (scaling as a~^) and radiation (scaling as a~^), it increases 
relative to that of matter and radiation. This endangers the smooth nearly 
homogeneous and isotropic bounce, unless the initial anisotropy is tuned 
to an extremely small value. Note that the Ekpyrotic scenario, which also 



14 



involves a phase of contraction, is immune from this problem since the energy 
density in the field which is responsible for the Ekpyrotic contraction grows 
even faster as a decreases. 

With Einstein gravity and matter satisfying the usual energy conditions 
it is not possible to obtain a non-singular bounce. Thus, new physics is 
required in order to obtain a non-singular bouncing cosmology. Such new 
physics can arise by modifying either the gravitational or the matter sector. 

To obtain a bouncing cosmology by modifying matter it is necessary to 
introduce a new form of matter which violates the Null Energy Condition 
(NEC), a condition which prohibits negative energy densities. It is necessary 
to arrange this new form of matter such that it dominates only at very 
high densities. The simplest way to obtain a bounce is to use two forms of 
matter, the first regular matter, and the second a "quintom field"'^ whose 
contributions to the energy density and pressure are opposite to that of 
regular matter. The universe starts out in a contracting phase dominated 
by regular matter. The dynamics of the quintom field is then arranged in 
a way such that at high energy densities the absolute value of the energy 
density in the quintom field increases compared to that in regular matter. 
The total energy density then decreases to zero, allowing for a cosmological 
bounce to occur-^ (some important details are omitted in this discussion, 
and the interested reader is referred to^S for details). This simplest way of 
obtaining a cosmological bounce is plagued by an instability of the vacuumH31. 
More sophisticated models which avoid this instability have recently been 
developed, e.g. the ghost condensate scenario or the Galileon bouncel^. 
However, these models do not (yet) come from a theory of matter and gravity 
which is complete at high energies. 

Possibly a more promising approach to obtaining bouncing cosmologies is 
by modifying the gravitational sector of the theory. There is excellent moti- 
vation to consider modifications of gravity at high energy densities: General 
Relativity is not a renormalizable quantum theory of gravity. In all known 
approaches to quantum gravity, the Einstein action of General Relativity is 
only a low energy effective action. At high energy densities where the bounce 
is expected to occur deviations from General Relativity will be important. 
Two examples of modifications of General Relativity at high densities which 
lead to bouncing cosmologies are the "nonsingular universe" construction 
ofSSl and the ghost-free higher derivative action of^^. It was also realized!^ 
that the Horava-Lifshitz proposal for a power-counting renormalizable the- 
ory of quantum gravity'^ leads to a bouncing homogeneous and isotropic 
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Figure 5: The dynamics of emergent universe cosmology. The vertical axis represents the 
scale factor of the universe, the horizontal axis is time. 

cosmology, provided that the spatial curvature is non-vanishing. 

Bouncing cosmologies also are predicted in more ambitious approaches 
to quantizing gravity such as string theory (see e.g.l^ and loop quantum 
cosmology (see e.g.^for recent reviews). 

4-2. Emergent Universe 

The "emergent universe" scenario'^ is another non-singular cosmological 
scenario in which time runs from — oo to +00. The universe is assumed to 
emerge in a quasi-static high density phase which at some time (which is 
conventionally called t = undergoes a phase transition to the expanding 
phase of Standard Big Bang cosmology. The time evolution of the scale 
factor is sketched in Figure [5j For the purposes of establishing a theory of 
cosmological structure formation, the quasi-static phase is not required to 
be infinite. All that is required is that the phase is much longer than the 
length which in the expanding phase grows to become the current Hubble 
radius. The quasi-static phase could thus be the bounce phase of a bouncing 
cosmology, as in the model oP^ (which is based on the higher derivative 
gravitational Lagrangian oP^. 

The time evolution of the cosmological scale factor in an emergent uni- 
verse is sketched in Fig. [5] The vertical axis is the cosmological scale factor, 
the horizontal axis is time. The universe is initially static and makes a smooth 
transition to the radiation phase of Standard Big Bang cosmology. 
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Figure 6: Space-time diagram (sketch) showing the evohition of fixed co-moving scales in 
emergent cosmology. The vertical axis is time, the horizontal axis is physical distance. The 
solid curve represents the Hubble radius H^^ which shrinks abruptly to a micro-physical 
scale at tj^ and then increases linearly in time for t > t^. Fixed co- moving scales (the 
dotted lines labeled by fci and /c2) which are currently probed in cosmological observations 
have wavelengths which were smaller than the Hubble radius long before tji. They exit 
the Hubble radius at times ti{k) just prior to t^f, and propagate with a wavelength larger 
than the Hubble radius until they re-enter the Hubble radius at times tf{k). 

The emergent scenario is similar to inflationary cosmology in that the 
universe is assumed to begin hot and small. But it is similar to a bouncing 
cosmology in that time runs from — oo to +00, and in that the evolution is 
non-singular. 

In Figure [6] we sketch the space-time diagram in an emergent cosmology. 
Since the early emergent phase is quasi-static, the Hubble radius is infinite. 
For the same reason, the physical wavelength of fluctuations remains constant 
in this phase. At the end of the emergent phase, the Hubble radius decreases 
to a microscopic value and makes a transition to its evolution in Standard 
Cosmology. 

As in inflationary cosmology and in a bouncing cosmology we see that 
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fluctuations originate on sub-Hubble scales. In emergent cosmology, it is the 
existence of a quasi-static phase which leads to this result. What sources 
fluctuations depends on the realization of the emergent scenario. String Gas 
Cosmology is the example which I will consider later on. In this case, the 
source of perturbations is thermal: string thermodynamical fluctuations in a 
compact space with stable winding modes, and this in fact leads to a scale- 
invariant spectrum'^. 

How does emergent cosmology address the problems of Standard Cos- 
mology? As in the case of a bouncing cosmology, the horizon is infinite and 
hence there is no horizon problem. Since there is likely thermal equilibrium 
in the emergent phase, a mechanism to homogenize the universe exists. As 
discussed in the previous paragraph, there is no causality obstacle against 
producing cosmological fluctuations. The scenario is non-singular, but this 
cannot in general be weighted as a success unless the emergent phase can be 
shown to arise from some well controlled ultraviolet physics. 

Like in the case of a bouncing cosmology, there is no trans-Planckian 
problem for fluctuations - their wavelength never gets close to the Planck 
scale. And like in the case of a bouncing cosmology, the physics driving 
the background dynamics is robust against our ignorance of what solves the 
cosmological constant problem. These are two advantages of the emergent 
scenario compared to inflation. 

On the negative side, the origin of the large size and entropy of our 
universe remains a mystery in emergent cosmology. Also, the physics yielding 
the emergent phase is not well understood in terms of an effective field theory 
setting, in contrast to the physics yielding inflation. 

String gas cosmology® (see alsJ^, and see'^^'^ for a comprehensive re- 
view) is a specific realization of the emergent universe paradigm. It is a toy 
model of cosmology which results from coupling a gas of fundamental strings 
to a background space-time metric. The idea is to study consequences for 
cosmology of some of the basic principles which distinguish string theory 
from point particle theories. String theory contains new degrees of freedom, 
and this leads to new symmetries. These new degrees of freedom and new 
symmetries will lead to an evolution of the early universe which is profoundly 
different from what can be obtained if one works in the restricted context of 
point particle theories only. 

Let us be a bit more specific. First of all, it is assumed that the spatial 
sections are compact. For simplicity, each spatial direction can be taken to 
be a circle with radius R. Strings have three types of states: momentum 
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Figure 7: The temperature (vertical axis) as a function of radius (horizontal axis) of a gas 
of closed strings in thermal equilibrium. Note the absence of a temperature singularity. 
The range of values of R for which the temperature is close to the Hagedorn temperature 
Th depends on the total entropy of the universe. The upper of the two curves corresponds 
to a universe with larger entropy. 

modes which represent the center of mass motion of the string, oscillatory 
modes which represent the fluctuations of the strings, and winding modes 
counting the number of times a string wraps the spatial circle. Oscillatory 
and winding modes are not present in point particle theories. Both lead to 
important consequences in early universe cosmology. 

Since the number of string oscillatory states increases exponentially with 
energy, there is a limiting temperature for a gas of strings in thermal equilib- 
rium, the Hagedorn temperatur^^Tn- Thus, if we take a box of strings and 
adiabatically decrease the box size, the temperature will never diverge. This 
is the first indication that string theory has the potential to resolve the cos- 
mological singularity problem. Figure ([T]) is a sketch of how the temperature 
of a gas of strings depends on the radius of space. 

The second key feature of string theory upon which string gas cosmology 
is based is T-duality. To introduce this symmetry, let us discuss the radius 
dependence of the energy of the basic string states: The energy of an oscil- 
latory mode is independent of i?, momentum mode energies are quantized in 
units of 1/-R, i.e. 



'n 



R 



(1) 
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where Is is the string length and /i is the mass per unit length of a string. 
The winding mode energies are quantized in units of R, i.e. 

Em = mfiR, (2) 

where both n and m are integers. Thus, a new symmetry of the spectrum of 
string states emerges: Under the change 

R l/R (3) 

in the radius of the torus (in units of Is) the energy spectrum of string 
states is invariant if winding and momentum quantum numbers are inter- 
changed. Perturbative string interactions are consistent with this symmetry, 
and thus T-duality is a symmetry of perturbative string theory. Postulating 
that T-duality extends to non-perturbative string theory leads'^ to the need 
of adding D-branes to the list of fundamental objects in string theory. With 
this addition, T-duality is expected to be a symmetry of non-perturbative 
string theory As discussed ii^, the above T-duality symmetry leads to an 
equivalence between small and large spaces 

Based on the above features of string theory, we can construct the string 
gas realization of the emergent universe paradigm in the following way: we 
assume that the universe starts in a quasi-static phase during which the 
temperature of the string gas hovers at the Hagedorn valuel^, the maximal 
temperature of a gas of closed strings in thermal equilibrium |^ The string 
gas in this early phase is dominated by strings winding the compact spatial 
sections. The annihilation of winding strings will produce string loops |^ and 
lead to a transition from the early quasi-static phase to the radiation phase 
of Standard Cosmology. 



^Specifically, T-duality will take a spectrum of stable Type IIA branes and map it into 
a corresponding spectrum of stable Type IIB branes with identical masse^^. 

^The equations that govern the background of string gas cosmology are not known. 
The Einstein equations are not the correct equations since they do not obey the T-duality 
symmetry of string theory. Many early studies of string gas cosmology were based on 
using the dilaton gravity equations. However, these equations are not satisfactory, either. 
Dilaton gravity is a low energy approximation to the action of string theory which only goes 
slightly beyond the Einstein action. However, we expect that string theory correction terms 
to the low energy effective action of string theory will be dominant in the Hagedorn phase, 
and that leading low energy effective Lagrangians will give a very misleading description 
of the dynamics. 

^String loops have an equation of state like that of radiation. 
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As pointed out in'^, the annihilation of winding strings into string loops 
is possible in at most three large spatial dimensions. This is a simple dimen- 
sion counting argument: string world sheets have measure zero intersection 
probability in more than four large space-time dimensions. Hence, string gas 
cosmology may provide a natural mechanism for explaining why there are 
exactly three large spatial dimensions. Once three spatial dimensions have 
started to expand, the string modes winding other spatial sections cannot 
find eachother. Hence, the radii of the extra spatial dimensions remain at 
the string scale at all times. This argument was supported by numerical 
studies of string evolution in three and four spatial dimensions'^ (see also'^ 
P°| The extra spatial dimensions are confined at fixed radius and shape by 
the string states which have winding and momentum about them. Thus, 
string gas cosmology provides a natural mechanism to stabilize most of the 
string moduli which traditionally pose a serious problem in any attempt to 
merge string theory with cosmology. This issue is discussed in the original 
papers' ^ * ^^ * ^^ * ^" * ^^ -^, and the interested reader is referred to a review ii^. 

5. Making Contact with Cosmological Observations 

Cosmology is currently in its golden ages in terms of the wealth of new 
observational data which are being collected every year. Thus, the main goal 
of modern theoretical cosmology has become making contact between early 
universe cosmology and the data about the structure of the observed uni- 
verse. The main tool being used is the theory of cosmological perturbations. 
In the following I give a brief overview of this theory and demonstrate its 
application to both inflationary cosmology and to the two alternative cosmo- 
logical scenarios which were discussed above. For a more technical overview, 
the reader is referred in^, and for an in-depth survey 

5.1. Cosmological Perturbations 

Cosmological perturbations are inhomogeneities in both the metric of 
space-time and in the matter distribution. To describe the generation and 
evolution of these fluctuations, both General Relativity and quantum me- 
chanics are required - General Relativity since the wavelengths of the in- 
homogeneities which we are interested in are larger than the Hubble radius 



ggjjmsiini fQj. gQj^g caveats to this argument. 
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for a long period of time, and quantum mechanics since in many models 
the origin of the fluctuations is quantum mechanical ^ . What makes the 
theory of cosmological perturbations tractable is that the amplitude of the 
fractional fluctuations is small today and hence (since gravity is a purely 
attractive force) that it was even smaller in the early universe. This justifies 
the linear analysis of the generation and evolution of fluctuations. 

In the context of a Universe with an inflationary period, the quantum ori- 
gin of cosmological fluctuations was first discussed in^ (see also'^ for earlier 
ideas, and'^ for the corresponding analysis of gravitational wave produc- 
tion). In particular, Mukhanov^and Press^ realized that in an exponentially 
expanding background, the curvature fluctuations would be scale-invariant, 
and Mukhanov provided a quantitative calculation which also yielded a log- 
arithmic deviation from exact scale-invariance. 

The basic idea of the theory of cosmological perturbations is simple. In 
order to obtain the action for linearized cosmological perturbations, we ex- 
pand the action for gravity and matter to quadratic order in the fluctuating 
degrees of freedom. The linear terms cancel because the background is taken 
to satisfy the background equations of motion. 

At first sight, it appears that there are ten degrees of freedom for the 
metric fluctuations, in addition to the matter perturbations. However, four 
of these degrees of freedom are equivalent to space-time diffeomorphisms. To 
study the remaining six degrees of freedom for metric fluctuations it proves 
very useful to classify them according to how they transform under spatial 



^^The Hubble radius is defined as H~^{t), where H{t) is the expansion rate of space at 
time t, and it plays an important role in cosmology since it separates length scales where 
matter interactions dominate (sub-Hubble) from those larger ones where matter forces 
freeze out and gravity dominates. It is important to realize that the Hubble radius is not 
the same thing as the horizon, the distance which light can travel starting at the initial 
time. In all theories which have a chance of explaining the origin of structure, the horizon 
must be much larger than the Hubble radius. 

^^As discussed in the following subsection, classical fluctuations are red-shifted during 
inflation, hence leaving behind a vacuum state of matter. Thus, the source of fluctuations 
should be from the quantum vacuum. However, if there is a mechanism which generates 
matter during inflation (like e.g. in the "warm inflation" scenario!^, or if trans-Planckian 
effects re-populate high energy modes, then classical (e.g. thermal) fluctuations will domi- 
nate. In some alternatives to inflation (e.g. the "matter bounce" scenario) it is postulated 
that the origin of the inhomogeneities in quantum mechanical, while in others (e.g. "string 
gas cosmology") it is thermal. 



22 



rotations. There are two scalar modes, two vector modes and two tensor 
modes (which are the two hehcity states of gravitational waves). At linear 
order in cosmological perturbation theory, scalar, vector and tensor modes 
decouple. It is the scalar fluctuations which are the most important since they 
describe how small matter perturbations lead to fluctuations which grow in 
time and can become the very inhomogeneous distribution of galaxies today. 
For simple forms of matter such as scalar fields or perfect fluids, the matter 
fluctuations couple only to the scalar metric modes. These are the so-called 
"cosmological perturbations" which we focus on. 

If matter has no anisotropic stress, then one of the scalar metric degrees 
of freedom disappears. In addition, one of the Einstein constraint equations 
couples the remaining metric degree of freedom to matter. Thus, if there is 
only one matter component (e.g. one scalar matter field), there is only one 
independent scalar cosmological fluctuation mode. 

To obtain the action and equation of motion for this mode, we begin with 
the Einstein-Hilbert action for gravity and the action for matter (which we 
take for simplicity to be a scalar field ip - for the more complicated case of 
general hydrodynamical fluctuations the reader is referred to'^ 

S = j d'x^g[-^R+\d,vd^v - V{^)] , (4) 

where R is the Ricci curvature scalar. 

The simplest way to proceed is to work in longitudinal gauge, in which 
the metric and matter take the form (assuming no anisotropic stress) 

ds^ = a2(r/)[(l + 2<l>(r7,x))cir/2- (l-2<l>(t,x))dx2] 

where r] in conformal time related to the physical time t via dt] = a{t)~^dt. 
The two fluctuation variables $ and S(p must be linked by the Einstein con- 
straint equations since there cannot be matter fluctuations without induced 
metric fluctuations. 

The two nontrivial tasks of the lengthy'^ computation of the quadratic 
piece of the action is to find out what combination of 6ip and $ gives the 
variable v in terms of which the action has canonical kinetic term, and what 
the form of the time-dependent mass is. This calculation involves inserting 
the ansatz ^ into the action Q, expanding the result to second order in 
the fluctuating fields, making use of the background and of the constraint 
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equations, and dropping total derivative terms from the action. In the con- 
text of scalar field matter, the quantum theory of cosmological fluctuations 
was developed by Mukhanov'^^'^ and Sasaki'^. The result is the following 
contribution S^'^^ to the action quadratic in the perturbations: 

S^'^ = 11 d'x[v" - v,v, + '-^v'] , (6) 

where the canonical variable v (the "Sasaki-Mukhanov variable" introduced 
is given by 

v = a[5^ + ^^], (7) 

with T-L = a' /a, and where 

. = ^. (8) 

As long as the equation of state does not change over time 

z{r]) ~ a{r]) . (9) 

Note that the variable v is related to the curvature perturbation TZ in co- 
moving coordinates introduced and closely related to the variable ( used 

V = zTZ. (10) 

The equation of motion which follows from the action ^ is (in momentum 
space) 

v'l + k'^Vk - —Vk = , (11) 

where Vk is the k'th Fourier mode of v. The mass term in the above equation 
is in general given by the Hubble scale (the scale whose wave-number will 
be denoted kn)- Thus, it immediately follows that on small length scales, 
i.e. for k > kn, the solutions for Vk are constant amplitude oscillations . 
These oscillations freeze out at Hubble radius crossing, i.e. when k = kn- 
On longer scales {k <^ kn), there is a mode of Vk which scales as z. This 
mode is the dominant one in an expanding universe, but not in a contracting 
one. 

Given the action (|6|, the cosmological perturbations can be quantized by 
canonical quantization (in the same way that a scalar matter field on a fixed 
cosmological background is quantized'^. 
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The final step in the quantum theory of cosmological perturbations is 
to specify an initial state. For an initial vacuum state we have harmonic 
oscillator ground state initial conditions for each Fourier mode of the field: 



v,ivd = ^ 

where rji is the conformal time corresponding to the initial physical time tj. 

In an expanding background, the scaling f ^ ~ 2; ~ a implies that the 
wave function of the quantum variable Vk which performs quantum vacuum 
fluctuations on sub-Hubble scales, stops oscillating on super-Hubble scales 
and instead is squeezed (the amplitude increases in configuration space but 
decreases in momentum space). This squeezing corresponds to quantum par- 
ticle production, and it is one of the two conditions which are required for 



the classicalization of the fluctuations l3 The second condition is decoher- 
ence which is induced by the non-linearities in the dynamical system which 
are inevitable since the Einstein action leads to highly nonlinear equations 
(seel^for an in-depth discussion of this point, an d^ for related work). Note 
that the squeezing of cosmological fluctuations on super-Hubble scales oc- 
curs in all models, in particular in string gas cosmology and in the bouncing 
universe scenario since also in these scenarios perturbations propagate on 
super-Hubble scales for a long period of time. In a contracting phase, the 
dominant mode of Vk on super-Hubble scales is also growing (the mode f ^ ~ a 
is now a decaying one). Thus, the squeezing of fluctuations on super-Hubble 
scales and the resulting classicalization of the perturbations also occurs. 

5.2. Fluctuations in Inflationary Cosmology 

In inflationary cosmology (see Fig. 1), we pick some initial time tj after 
the beginning of the inflationary phase and start with quantum vacuum initial 
conditions 

= Wk '''' 



^•^These conditions are necessary, but there is some debate as to whether they are suf- 
ficient to solve the "cosmic measurement problem" (see e.g.'^ for an analysis from the 
physics perspective, and^for a discussion in the framework of philosophy of physics). 
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for all values of k for which the wavelength is smaller than the Hubble radius 
at the initial time tj. Since Vk oscillates on sub-Hubble scales, the amplitude 
remains unchanged until the mode exits the Hubble radius at the time tnik) 
given by 

a-\tHik))k = H. (14) 
We need to compute the power spectrum V-jiik) of the curvature fluctua- 



tion TZ defined in (10) at some late time t when the modes are super- Hubble. 
We first relate the power spectrum via the growth f ^ ~ a on super-Hubble 
scales to the power spectrum at the time tnik) and then use the constancy of 
the amplitude of v on sub-Hubble scales to relate it to the initial conditions 



(jlSj). Thus 

VniKt) ^ k'nlit) = kh^\t)\v,{t)\' (15) 



k'z-\t)i-^r\v,{Mk))\'^ 
a{tH{k)) 

kh-'itH{k))\vkitHik))\' 
A:^(^)V^(tH(A:))|^;..(t.)r, 

where in the final step we have used ^ and the constancy of the amplitude 



of V on sub-Hubble scales. Making use of the condition (14) for Hubble radius 



crossing, and of the initial conditions (13), we immediately see that 



Vn{k,t) ~ {^^fek-'k~'H\ (16) 

and that thus a scale invariant power spectrum results. Since H decreases 
slowly as inflation proceeds, the amplitude of the spectrum is slightly smaller 
for short wavelengths (which exit the Hubble radius later) than for longer 
ones. Thus, the spectrum has a slight tilt. Note that the alternative models 
which we discuss below also predict a slight red tilt of the spectrum. Current 
precision observations indicate that there indeed is a slight red tilt. 

5. 3. Fluctuations in the Matter Bounce 

In the Matter Bounce paradigm (see Fig. 4) the universe starts out large 
but cold. Hence, it is reasonable to assume that fluctuations on cosmological 



Scale invariancc means that the power spectrum is independent of k. 



26 



scales begin in their vacuum state The vacuum spectrum is blue, i.e. there 
is more power on short wavelengths. To obtain a scale-invariant spectrum, a 
mechanism is required which boosts long wavelength modes relative to short 
wavelength ones. In a contracting universe long wavelength modes exit the 
Hubble radius earlier than short wavelength modes. If the fluctuation modes 
grow on super-Hubble scales, then we have a mechanism which boosts the 
long wavelength fluctuations. 

In a contracting universe the mode f ^ ~ a is decaying and unimportant. 
The second mode, which is sub-dominant in an expanding universe, becomes 
the dominant one, and grows in time with a rate which depends on the 
equation of state of the background. It turns out that the growth rate in the 
case of a matter-dominated phase of contraction is exactly the correct one to 
turn an initial vacuum spectrum into a scale-invariant one, as was realized 

The analysis is not very complicated: if the contracting phase is matter- 
dominated then a{t) ~ t^/^, r]{t) ~ t^/^ and the dominant mode of v scales 
as r]~^. Thus, the power spectrum of curvature fluctuations becomes 

Pn{k,v) ~ e\vk{v)\'a-\v) (17) 

V 

~ const , 

where we have made use of the assumption that we have a vacuum spectrum 
at Hubble radius crossing. 

At this point we have shown that the spectrum of fluctuations is scale- 
invariant on super-Hubble scales before the bounce phase. The evolution 
during the bounce depends in principle on the speciflc realization of the non- 
singular bounce. In any concrete model, the equations of motion can be 
solved numerically without approximation during the bounce. Alternatively, 
we can solve them approximately using analytical techniques. The bottom 
line of a large number of studies in speciflc realizations of non-singular bounc- 
ing cosmologies (see e.g.' ^^'^'^'"^^-^^-^^' "^"^ is that on length scales large compared 
to the time of the bounce, the spectrum of curvature fluctuations is not 



^'"'The vacuum state of the fluctuation field v. This prescription does not require matter 
to be a quantum field. Cosmological perturbations can be quantized'-^ even if matter is a 
usual hydrodynamical fluid. 



27 



changed during the bounce phase. Since typically the bounce time is set by a 
microphysical scale whereas the wavelength of fluctuations which we observe 
today is macroscopic (about 1mm if the bounce scale is set by the particle 
physics GUT scale), we conclude that for scales relevant to current obser- 
vations the spectrum is unchanged during the bounce. This completes the 
demonstration that a non-singular matter bounce leads to a scale-invariant 
spectrum of cosmological perturbations after the bounce provided that the 
initial spectrum on sub-Hubble scales is vacuum. 

A specific signal of growing curvature fiuctuations on super-Hubble scales 
in the contracting matter-dominated phase is a special form^ of the "bis- 
pectrum", the three point correlation function of the CMB. The predicted 
amplitude of the bispectrum is also significantly larger than what is obtained 
in simple infiationary models. Thus, the way to observationally distinguish 
between the matter bounce and the infiationary paradigms is via precision 
observations of the bispectrum. 

I close this section with a side comment which might be of interest to 
philosophers of cosmology: the fact that fiuctuations grow both in the con- 
tracting and expanding phase has implications for attempts to build a cyclic 
cosmology. In four space-time dimensions it is impossible to construct a 
model which is cyclic in the presence of fiuctuations - the growth of fiuctu- 
ations breaks any cyclicity which may be present at the background level. 
Four space-time-dimensional cyclic background cosmologies are not predic- 
tive - the index of the power spectrum changes from cycle to cycle'^. Note 
that the cyclic version of the Ekpyrotic scenario^^ avoids these problems be- 
cause it is not cyclic in the above sense: it is a higher space-time-dimensional 
model in which the radius of an extra dimension evolves cyclically, but the 
four-dimensional scale factor does not. 

5.4- Fluctuations in String Gas Cosmology 

In String Gas Cosmology (see Fig. 6) the physical wavelength of a fiuc- 
tuation mode is constant in the Hagedorn phase since space is static. The 
Hubble radius is infinite in this phase. Hence, as in the case of infiationary 
cosmology, fiuctuation modes begin sub-Hubble during the Hagedorn phase, 
and thus a causal generation mechanism for fiuctuations is possible. 

However, the physics of the generation mechanism is very different. In the 
case of inflationary cosmology, fluctuations are assumed to start as quantum 
vacuum perturbations because classical inhomogeneities are red-shifting. In 
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contrast, in the Hagedorn phase of string gas cosmology there is no red- 
shifting of classical matter. Hence, it is the fluctuations in the classical 
matter which dominate. Since classical matter is a string gas, the dominant 
fluctuations are string thermodynamic fluctuations. It turns out that the 
holographic scahng of the specific heat capacity of a gas of closed strings is 
key to obtaining a scale-invariant spectrum of curvature fluctuations. 

The proposal for string gas structure formation is the following'^ (see'^for 
a more detailed description). For a fixed co-moving scale with wavenumber 
k we compute the matter fluctuations of the thermal string gas, while the 
scale is sub- Hubble (and therefore gravitational effects are sub-dominant). 
When the scale exits the Hubble radius at time ti{k) we use the gravitational 
constraint equations to determine the induced metric fluctuations, which 
are then propagated to late times using the usual equations of gravitational 
perturbation theory. Since the scales we are interested in are in the far 
infrared, we use the Einstein constraint equations for fluctuations. 

Assuming that the fluctuations are described by the perturbed Einstein 
equations (they are not if the dilaton is not fixed'^^'^, then the spectra of 
cosmological perturbations $ and gravitational waves h are given by the 
energy-momentum fluctuations in the following way^-^ 

{mk)\') = 16n'G'k-\6TMk)6T\{k)) , (18) 

where the pointed brackets indicate expectation values, and 

{\h{k)\^) = lQ7T^G^k-^{6Tj{k)6T,{k)) , (19) 



where on the right hand side of ( 19 ) we mean the average over the correlation 



functions with i ^ j, and h is the amplitude of the gravitational waves 
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The equation (18) is used to determine the spectrum of scalar metric fluc- 
tuations. We first calculate the root mean square energy density fluctuations 
in a sphere of radius R = k~^. For a system in thermal equilibrium they are 
given by the specific heat capacity Cy via 

{Sp') = ^^Cy . (20) 



^^The gravitational wave tensor hij can be written as the amplitude h multiplied by a 
constant polarization tensor. 
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The specific heat of a gas of closed strings on a torus of radius R can be de- 
rived from the partition function of a gas of closed strings. This computation 
was carried out (see a\s(^^ with the result 



- ^ T(i-r/T„) - P« 

The specific heat capacity scales holographically with the size of the box. 
This result follows rigorously from evaluating the string partition function 
in the Hagedorn phase. The result, however, can also be understood heuris- 
tically: in the Hagedorn phase the string winding modes are crucial. These 
modes look like point particles in one less spatial dimension. Hence, we ex- 
pect the specific heat capacity to scale like in the case of point particles in 
one less dimension of space 

With these results, the power spectrum P{k) of scalar metric fluctuations 
can be evaluated as follows 

P^{k) ^ ^,k'\m\' (22) 

= 8G^k-^ < \6p{k)\^ > . 
= 8G^k^ < {5Mf >n 
= 8G^k-^ < {6pf >R 



£3 1 - T/Th 



where in the first step we have used (18) to replace the expectation value of 
in terms of the correlation function of the energy density, and in the 
second step we have made the transition to position space. 



The first conclusion from the result ( 22 ) is that the spectrum is approx- 
imately scale-invariant {P{k) is independent of k). It is the 'holographic' 
scaling Cv{R) ~ R^ which is responsible for the overall scale- invariance of 
the spectrum of cosmological perturbations. However, there is a small k de- 
pendence which comes from the fact that in the above equation for a scale 
k the temperature T is to be evaluated at the time ti{k). Thus, the factor 
(1 — T/Tff) in the denominator is responsible for giving the spectrum a slight 



^^We emphasize that it was important for us to have compact spatial dimensions in 
order to obtain the winding modes which are crucial to get the holographic scaling of the 
thermodynamic quantities. 
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dependence on k. Since the temperature slightly decreases as time increases 
at the end of the Hagedorn phase, shorter wavelengths for which ti{k) occurs 
later obtain a smaller amplitude. Thus, the spectrum has a slight red tilt. 

As discovered in^-, the spectrum of gravitational waves is also nearly 
scale invariant. However, in the expression for the spectrum of gravitational 
waves the factor {1—T/Th) appears in the numerator, thus leading to a slight 
blue tilt in the spectrum. This is a prediction with which the cosmological 
effects of string gas cosmology can be distinguished from those of inflationary 
cosmology, where quite generically a slight red tilt for gravitational waves 
results. The physical reason for the blue tilt in string gas cosmology is that 
large scales exit the Hubble radius earlier when the pressure and hence also 
the off-diagonal spatial components of T^j, are closer to zero. For more details 
the interested reader is referred to the original literature. 



6. Discussion 



As I hope to have convinced the reader, inflationary cosmology, in spite 
of its spectacular phenomenological success, suffers from several conceptual 
problems and should at this point not yet be considered as an established 
theory of the early universe. The recent speculations concerning the "infla- 
tionary multiverse" face even more serious problems and should be viewed 
with caution. 

I have presented two alternative scenarios which are in equally good 
agreement with current observations on the distribution of galaxies and 



anisotropies of the CMB as the inflationary paradigm ^ These two scenarios 
make predictions for future observations which are different from those of in- 
flation. Which of these scenarios is actually realized in nature will ultimately 
be determined by observations. 

The two alternative scenarios which I focused on are the Matter Bounce 
paradigm involving a non-singular background cosmology which starts in a 
matter-dominated phase of contraction, and the Emergent Universe picture 
as realized in String Gas Cosmology. These are two scenarios the author has 



^^At this point it must be emphasized again that obtaining a scale-invariant spectrum 
of curvature fluctuations is a very non-trivial requirement for early universe cosmology. 
For example, initial vacuum fluctuations generated in a contracting universe are not scale- 
invariant unless the relevant phase of matter contraction is dominated by non-relativistic 
matter. 
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worked on. However, there are other scenarios, a particularly promising one 
being the Ekpyrotic scenaric^, which also leads to a picture in which time 
runs from —oo to +00. 

None of the alternative scenarios are without problems. In fact, one 
may argue that none of them address all of the classic problems of Standard 
Big Bang cosmology as well as inflation does. The matter bounce scenario 
suffers from an instability to the development of anisotropics, and emergent 
scenarios do not as nicely explain the large size and entropy of the universe as 
inflation does. However, both of them are free from one of the key problems of 
inflationary cosmology, namely the trans-Planckian problem for cosmological 
perturbations. 
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